Cyanobacterial hepatotoxins present a risk to public health when present in drinking water supplies. Existing removal strategies, although efficient, are not economically viable or practical for remote Australian communities and developing nations. Bank filtration is a natural process and a potential low cost, toxin removal strategy. Batch studies were conducted in 12 texturally diverse soils to examine the soil properties influencing the adsorption of the cyanobacterial hepatotoxins, microcystin-LR and nodularin. Sorption isotherms were measured. Freundlich and linear isotherms were observed for both toxins with adsorption coefficients not exceeding 2.75 l kg 21 for nodularin and 3.8 l kg 21 for microcystin. Significant positive correlations were identified between hepatotoxin sorption and clay and silt contents of the soils. Desorption of toxins was also measured in three different soils. Pure nodularin and microcystin-LR readily desorbed from all soils.
INTRODUCTION
Cyanobacteria are common in temperate regions worldwide (Carmichael et al. 1985; Codd 1995) . Public health concerns arise when cyanobacteria produce toxins that compromise the quality of drinking and recreational waters. The cyanobacterial hepatotoxins, microcystin-LR and nodularin, are known to inhibit protein phosphatases 1 and 2A (MacKintosh et al. 1990; Yoshizawa et al. 1990; Eriksson et al. 1990) , which results in tumor promotion in experimental animals (Nishiwaki-Matsushima et al. 1992; Ohta et al. 1994) . Chronic adverse health effects may occur in populations that use hepatotoxin contaminated water for drinking or recreational purposes (Hrudey et al. 1994) . The potential for the hepatotoxins to adversely effect human health was recently highlighted by the death of 50 patients in a Brazilian hospital who received microcystin contaminated water as a part of their renal dialysis treatment (Jochimsen et al. 1998) . 2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid). Several soil parameters can affect the adsorption of organic compounds to soils. These factors usually act in combination to influence adsorption processes. Soils with relatively high clay and organic carbon (OC) contents tend to enhance adsorption of pesticides in laboratory experiments (Hance 1988; Oliver et al. 1996) .
Several studies have investigated the persistence of cyanobacterial toxins in the environment. Rapala et al. (1994) demonstrated that losses of microcystin-LR were partially attributable to adsorption to lake sediments. This finding was supported by Lahti et al. (1996) who reported a 97.5-99.5% reduction in microcystin-LR levels in soil and sediment column studies. Neither of these studies quantified the soil/sediment pH, organic carbon (OC) content or soil texture, making it difficult to determine the factors, which influenced the adsorption of microcystin-LR to soil and/or sediment. The fate of microcystins in artificial recharge of groundwater and in bank filtration was recently examined (Lahti et al. 1998) . However, the methods did not enable any conclusions to be made regarding processes influencing adsorption, as the soil properties were not quantified and toxin extraction methods from soil particles were not validated.
The movement of toxic organic chemicals through soils governs their potential to enter the groundwater and/or food chains and cause adverse effects to humans and the ecosystem (Beck et al. 1993) . A detailed understanding of the factors that influence the fate and transport of a particular contaminant is required to enable the assessment of the efficiency of bank filtration as a removal strategy for cyanobacterial toxins. The purpose of this study was to examine sorption of microcystin-LR and nodularin in a wide range of soils and to determine whether or not sorption was related to soil properties.
MATERIALS AND METHODS

Soil collection and analysis
Soils were collected from twelve sites in the Willunga Basin and Lake Alexandrina region of South Australia. Sample sites were chosen with the aim of collecting a wide range of different soil textural types according to the texture classification system of Marshall (1947) . Once collected, all soil samples were stored in the dark at 48C until used in the experiments.
The organic carbon content of the soils was determined by the titrimetric dichromate redox method (Tiessen & Moir 1993) . Particle size analysis was performed on the soil samples using the pipette method (Sheldrick & Wang 1993) and soil pH was measured in distilled water (Rowell 1994) .
Cyanobacterial toxins and toxin analysis
Cyanobacterial toxins, nodularin and microcystin-LR, were extracted in methanol from harvested mass cultures of Nodularia spumigena and Microcystis aeruginosa, respectively. The extracts were dried under a constant stream of nitrogen at 508C and resuspended in distilled water (Miller et al. 2001) . Nodularin and microcystin concentrations together with the internal standard tolbutamide used in the batch studies were quantified using reversed phase high performance liquid chromatography (HPLC) and detection at 240 nm, using a UV-VIS detector (Shimadzu SPD-10AV) by the methods described by Miller et al. (2001) . The toxin concentrations were calculated by reference to authentic standards (microcystin-LR, 98% purity, Sigma; nodularin, . 95% purity, Calbiochem) and determined quantitatively by peak area ratio (toxin:tolbutamide), following the construction of a standard line for each toxin.
Batch adsorption experiments
Adsorption isotherms were determined using the method described by Miller et al (2001) . Soil (10 g) was added to 250 ml Erlenmeyer flasks containing 50 ml of aqueous toxin extract (0.1 -2.5 mg l 21 ) and mixed for 24 h. Both linear and non-linear (Freundlich) sorption isotherms were fit to the sorption data. Linear adsorption isotherms are described by:
and non-linear adsorption isotherms by After centrifuging at 1600 g for 25 minutes supernatant solution (1 ml) was removed for toxin analysis using HPLC.
The remaining supernatant (, 4 ml) was removed and distilled water (5 ml) was added to the soil. The tube was vortexed to re-suspend the soil and initiate desorption. Each tube was mixed for 24 hours and the procedure detailed above was repeated until toxin was no longer detectable (, 0.016 mg l 21 ).
Statistical analysis
Adsorption isotherms were calculated for each soil/toxin combination. The relationship between soil properties and the absolute amount of toxin adsorbed at equilibrium concentrations (C eq ) of 2.5 mg l 21 and 0.1 mg l 21 , were determined by linear and multiple regression analyses (using Statistica software). The level of statistical significance for all statistical tests was accepted at p , 0.05.
RESULTS
Soil analysis
Most of the soils were sandy, with 8 of the 12 soils possessing sand contents above 70%, as shown in Table 1 .
The Hallett Cove soil had the highest sand content of 98.5%. Within these 8 soils, the pH, organic carbon and clay contents varied considerably. For example, Milang soil had Batch adsorption experiments Table 2 shows the linear and non-linear adsorption coefficients for each site and toxin. Nodularin sorption, in the Milang soil and microcystin sorption in the Belvidere soil was variable and non-reproducible, and were excluded from the toxin data sets. (Table 2) .
Because some sorption was non-linear, the influence of soil properties on toxin sorption could not be directly compared by examining only k d and k f values. To enable comparisons across the 12 soils, isotherms for both toxins were normalised to the total amount of toxin sorbed (C s ) at two equilibrium solution concentrations. Table 3 shows the equations of the statistically significant simple regressions when C eq was 2.5 mg l 21 and 0.1 mg l 21 . When the absolute Multiple regression analysis using nodularin as the test toxin at C eq of 2.5 mg l 21 produced significant relationships for each soil parameter combination possible, except soil pH and OC. The silt and sand contents contributed the most to the level of significance in almost all of the nodularin multiple regression analyses containing these parameters (Table 3) . The factors that were significantly correlated with toxin sorption (at C eq = 2.5 mg l 21 ), were clay, silt and sand contents. Clay has long been recognised for its ability to enhance adsorption of organic compounds to soil (Hayes et al. 1972; Cox et al. 1995) . Although the types of clay particles present were not identified in the current study, the results from the regression analysis at both of the C eq Desorption experiments are useful to determine how tightly bound a contaminant is to soil and hence its availability for degradation (Scow et al. 1995) . Pure nodularin and microcystin were adsorbed to three soils and then desorption was monitored over 72 to144 hours.
Under the conditions used in this experiment, McLaren
Flat and Hallett Cove soils did not retain either toxin for longer than 72 hours, possibly due to the low clay contents of these soils (,2.91%). The Lakes Plains site (clay content: 16.1%) retained the toxin over a longer time frame, confirming that the clay could be the main toxin binding component of the soil. All three sites had reversible binding of nodularin and microcystin, which suggests that the toxin would be available for microbial degradation.
